The article deals with the evaluation of two RANS based models for simulation of transitional flows including heat transfer. The work is focused on the transition and heat transfer in cases of accelerated flows over a flat plate and through a test turbine cascade.
Introduction
The reliable prediction of turbulent flows including heat transfer requires both an advanced turbulence and heat transfer model and the model of laminar-turbulent transition. While various advanced turbulence models are routinely used, the turbulent heat transfer models are often limited to constant turbulent Prandtl number. Moreover the models of laminar-turbulent transition are still a matter of development and none of existing transition models is able to reliably solve all flow cases.
The simulation of transitional flows over a heated flat plate and through a turbine cascade has been carried out with two advanced three-equation RANS based models: the k − k L − ω model by Walters and Cokljat [1] , and the γ-SST model by Menter et al. [2] . However both models are built on the k − ω model, they use completely different concepts. The first one is a phenomenological model trying to follow physical description of the transition process whereas the second one is purely correlation based model.
The aim of this article is the study of the performance of both models for the flows with acceleration including heat transfer.
Mathematical models
The motion of a compressible gas is described by the set of Favre averaged Navier-Stokes equations in the conservative form:
where ρ is the density, U is the velocity vector, p is the pressure, τ ef f is the effective stress tensor, E is the specific total energy, λ ef f is the effective thermal conductivity, and T is the temperature. The system is closed by the equation of state for ideal gas p/ρ = rT and constant specific heat capacity c p .
The effective stress tensor is calculated using the Boussinesq eddy viscosity assumption. The effective thermal conductivity is the approximated using the turbulent Prandtl number:
where S * is the trace-less mean stress rate tensor, I is the identity tensor, µ is the molecular viscosity, and λ is the thermal conductivity.
The value of the turbulent viscosity µ T and the turbulent kinetic energy k is obtained using an additional turbulence model (see below).
The three
The three-equation turbulence and transition model of Walters and Cokljat [1] is given by transport equations for kinetic energy of turbulent fluctuations k T , kinetic energy of laminar fluctuations k L and for the specific dissipation rate ω:
see original article [1] for details and [3] for corrections. The turbulent heat flux is approximated using thermal eddy conductivity as
The model of turbulent heat conductivity blends a far field model (f w → 1) with constant turbulent Prandtl number P r T = c p µ T /λ T → P r θ = 0.85 and a more complicated near-wall model for f W → 0. However the original model provides qualitatively correct behaviour for flows under pressure gradient, it has been found that a simple modification can dramatically improve the prediction capability of the model in the case of adverse pressure gradient flows [4] . Unfortunately the modification proposed in [4] is valid only in the adverse pressure gradient flows, therefore we use the original model in this study.
The γ − SST model
The three-equation correlation based model of Menter et al. [2] is a combination of standard k − ω SST model with a transport equation for the intermittency
see [2] for detailed description of the model. The turbulent heat conductivity is modelled using constant turbulent Prandtl number P r T = 0.9 and the effect of the pressure gradient is included in the original model using a specific correlation for the pressure gradient parameter λ θ based on the boundary layer momentum thickness.
Numerical results
The performance of both models in accelerated flows with heat transfer has been examined using the flow over a heated flat plate with low free-stream turbulence intensity and the flow through an experimental turbine cascade.
Flow over heated flat plate
First case is the flow over flat plate experimentally studied by Keller and Wang [5] . The shape of the domain is depicted at the figure 1. The upper part of the boundary above the flat plate is inclined in order to compensate the boudary layer growth and to maintain constant pressure gradient parameter K = ν/U 2 e dU e/dx. Three cases with different value of K were investigated. The zero-pressure gradient denoted as K0 (i.e. a case with K = 0), the case K1 with K = 0.07 × 10 −6 , and the case K2 with K = 0.16 × 10 −6 . The free-stream turbulence intensity was T u ≈ 0.5% for zero pressure gradient and T u ≈ 0.4% for accelerated flow. A constant heat flux q w = 335 W/m 2 was applied to the test wall starting at x = 0.04 m. The table 1 summarizes the three geometrical configurations as well as the inlet boundary conditions applied at x = −0.1 m. The inlet temperature T in = 288.15 K and the outlet pressure p out = 98 660 Pa was assumed in all three cases together with thermo-physical properties of the air.
Numerical results were obtained using the pressure based segregated solver built on top of the OpenFOAM package. The solver is based on the so called SIMPLE loop (see e.g. [6] ). Since the ready-made solver for turbulent compressible flows (the so called rhoSimpleFoam) neglects some terms in the energy equation we were obliged to develop own modification of the code including correct energy equation. Calculations have been performed using a structured mesh with 655 × 105 quadrilateral cells with the stream-wise refinement near the leading edge of the plate and with wall normal refinement corresponding to the dimensionless size of the first cell approx. y + ≈ 0.3. The second order discretization schemes with limiters were used for convective terms in all equations together with a central approximation of diffusive terms. The figure 1b shows the comparison of external velocity (taken at y = 0.01 m) with the experimental data of Keller and Wang [5] . The figure 2 shows the distribution of the friction coefficient and the Stanton number together with experimental data and with correlations for laminar and turbulent flows. One can see that the k − k L − ω predicts very well the transition location for the zero pressure gradient flow (K0) and underpredicts the transition length for accelerated flows. [7] .
On the other hand the γ-SST model predicts the transition too far upstream and moreover, the transition location moves upstream with increasing acceleration which is in contradiction with experimental data. Similar effects can be seen in the distribution of Stanton number. In this case the k − k L − ω model overpredicts slightly the Stanton number in pre-transitional region. This overprediction increases with increasing acceleration.
The figure 3a shows the distribution of dimensionless temperature
in the laminar part of the boundary layer (sta03, x = 0.48 m) and in the turbulent part (sta11, x = 1.68 m). The comparison with experimental data of [7] shows that the γ-SST model provides slightly better predictions of the temperature field when comparing with the k − k L − ω model (see e.g. the shape of the temperature profile near the edge of the turbulent boundary layer). The difference can be caused by a non-physical behaviour of the heat transfer coefficient in the k − k L − ω model. The figure 3b depicts profiles of the turbulent Prandtl number obtained experimentally in [7] , predicted by k − k L − ω and γ-SST model and two correlations by Wassel and Catton [8] 
where Re T = µ T /µ and P r = 0.72 is the Prandtl number, and by Kays and Crawford [9] 
where P r T ∞ = 0.85. One can see that both the experimental data as well as correlations give an increase of the turbulent Prandtl number in the near-wall region whereas the γ-SST model keeps constant P r t = 0.9 and the k − k L − ω model even decreases its value.
Compressible flow through an experimental turbine cascade
The second test case is compressible flow through VKI turbine cascade published by [10] . Experiments were carried out with free-stream turbulence intensities in the range 1 % to 6 % in subsonic to transonic regimes with Reynolds numbers from 5 × 10 5 to 2 × 10 6 . Simulations with both transitional models have been done using a 2D mesh with 62 000 cells with y + ≈ 0.1 and coupled LU-SGS implicit solver [11] based on [12] combined with AUSM+up flux.
Predictions of heat flux coefficient h = q wall /(T 1tot − T wall ) are compared to the experimantal data for three specific cases (see fig. 4 and the table 2). The predictions of the heat flux in the low-turbulence subsonic case (MUR 132) obtained with both models correspond very well to the experimental data. Similar situation is in the case of higher turbulence intensity (MUR 218). Table 2 : Boundary conditions for flow through VKI turbine cascade Nevertheless, simulations with both models gives slightly lower heat flux at the suction side of the blade and the transition is predicted a bit downstream at the pressure side. The results for the case with higher Reynolds and Mach numbers (MUR 241) show that both models are able to capture the increase of the heat flux due to transition, however the k − k L − ω model moves the transition to far downstream. Moreover, both models overestimate the value of the heat flux at the outlet part of pressure side of the blade.
Conclusions
The simulation of transitional accelerated flows with heat transfer was carried out partly for incompressible flow over a heated flat plate and partly for compressible flow through a turbine cascade by means of the k − k L − ω model by Walters and Cokljat [1] and the γ-SST model by Menter et al. [2] . The results show that both models are able to predict the laminar-turbulent transition for all studied cases. Nevertheless the γ-SST model predicts the transition too early for the flat plate flow and the response to increasing acceleration is qualitatively wrong. On the other hand the γ-SST model provides better agreement in the temperature distribution through the boundary layer than the k − k L − ω model.
